Cyclin I is an atypical cyclin because it is most abundant in postmitotic cells. We previously showed that cyclin I does not regulate proliferation, but rather controls survival of podocytes, terminally differentiated epithelial cells that are essential for the structural and functional integrity of kidney glomeruli. Here, we investigated the mechanism by which cyclin I safeguards against apoptosis and found that cyclin I bound and activated cyclin-dependent kinase 5 (Cdk5) in isolated mouse podocytes and neurons. Cdk5 activity was reduced in glomeruli and brain lysates from cyclin I-deficient mice, and inhibition of Cdk5 increased in vitro the susceptibility to apoptosis in response to cellular damage. In addition, levels of the prosurvival proteins Bcl-2 and Bcl-XL were reduced in podocytes and neurons from cyclin I-deficient mice, and restoration of Bcl-2 or Bcl-XL expression prevented injury-induced apoptosis. Furthermore, we found that levels of phosphorylated MEK1/2 and ERK1/2 were decreased in cyclin I-deficient podocytes and that inhibition of MEK1/2 restored Bcl2 and Bcl-XL protein levels. Of interest, this pathway was also defective in mice with experimental glomerulonephritis. Taken together, these data suggest that a cyclin I-Cdk5 complex forms a critical antiapoptotic factor in terminally differentiated cells that functions via MAPK signaling to modulate levels of the prosurvival proteins Bcl-2 and Bcl-XL.
Introduction
Neurons and kidney podocytes share many characteristics, including being postmitotic and terminally differentiated cells (1) . As such, they typically do not reengage the cell cycle, leading to a limited capacity to proliferate. Indeed, beyond the developing brain and kidney, there is very little evidence supporting neuronal and podocyte mitosis and thus proliferation under normal or diseased states. Thus, following cell injury characterized by apoptosis such as occurs in neurodegenerative disease and ischemic brain injury (2, 3) as well as in diabetic and nondiabetic kidney diseases (4-6), respectively, neuronal or podocyte number decreases. Reduced cellular number then leads to organ dysfunction. A decrease in podocyte number underlies the development of proteinuria and glomerulosclerosis in experimental and human disease (7, 8) . Moreover, there is a significant correlation with reduced podocyte number and decreased kidney function (9) . Neurons and podocytes are therefore dependent on critical biological pathways to maintain and enhance their survival to minimize cell death following injury in disease. This may be distinct from nonterminally differentiated cells that can readily restore cell number because of their high proliferative capacity.
Although cell-cycle proteins were originally considered to govern cell proliferation, there is a large body of research showing that specific cell-cycle proteins also function to maintain cell survival and that this biological role is distinct from that of proliferation (reviewed in ref. 10) . To this end, cyclin-dependent kinase 5 (Cdk5) is required for the survival of neurons (reviewed in ref. 11 ), and we have recently reported on the prosurvival function of cyclin I in podocytes (12) . Interestingly, cyclin I and Cdk5 are both expressed in terminally differentiated podocytes and neurons. Cyclin I, first cloned from human forebrain cortex, displays highest sequence homology to cyclins G1 and G2 (13) , and in contrast to other cyclins, its mRNA levels do not oscillate during the cell cycle (12, 14, 15) . It does not regulate proliferation or cell differentiation, and cyclin I-null mice do not show any spontaneous phenotypic abnormalities (12) .
In these studies, we have investigated the mechanisms by which cyclin I protects postmitotic cells from apoptosis. We show that cyclin I binds and activates Cdk5 and that cyclin I-Cdk5 determines the level of activity of MEK1/2. These kinases in turn govern expression of the prosurvival proteins Bcl-2 and Bcl-XL. Furthermore, we show that p35-Cdk5, which is also present in podocytes and neurons, also promotes cell survival but that this occurs via a pathway distinct from the one activated by cyclin I-Cdk5. In vivo studies were also performed to validate the cell-culture studies.
glomerulus, cyclin I and Cdk5 are specific to podocytes, which provided the rationale to determine whether cyclin I binds to and activates endogenous Cdk5 in podocytes.
To this end, cultured podocytes were isolated from cyclin I WT and null mice (12) , and the latter were stably infected with myctagged cyclin I. Reciprocal coimmunoprecipitation studies with antibodies to either myc or Cdk5 revealed that cyclin I bound to and activated endogenous Cdk5, as analyzed by histone H1 phosphorylation ( Figure 1, A and B) . Moreover, when endogenous protein was immunoprecipitated with α-cyclin I antibody, the histone H1 kinase was active in WT cells, but not in cyclin I-null cells (Figure 1C) . Specificity of cyclin I-Cdk5 kinase activity was confirmed by reducing endogenous Cdk5 expression with siRNA ( Figure 1D ). In addition, we further validated these findings by transducing cells with a kinase-inactive dominant negative Cdk5 mutant. Again, cyclin I-mediated kinase activity was markedly diminished in the presence of a dominant negative Cdk5 mutant (data not shown).
In order to extend these findings to cells in vivo, kidney glomeruli and brain were isolated from cyclin I WT and null mice. Figure 1E shows that when protein lysates from isolated glomeruli and brain were immunoprecipitated with a polyclonal-α-cyclin I antibody, histone H1 kinase activity was abundant when quantitated by densitometry ( Figure 1F ). As expected, histone H1 kinase activity was absent in organs from cyclin I-null mice. Cyclin I-Cdk5 kinase activity was not detected in nonterminally differentiated kidney cells such as kidney tubules (data not shown). Taken together, these combined methods show that the cyclin I-Cdk5 complex is active specifically in neurons and podocytes in vitro and in vivo.
To further validate these findings by different methodology, HEK293 cells, which lack significant levels of cyclin I and Cdk5, were cotransfected with plasmids encoding myc-tagged cyclin I and HA-tagged Cdks 1 through 6. Figure 2A shows that in addition to Cdk5, Cdk3, -4, and -6 coimmunoprecipitated from total cellular lysates with an antibody to the myc epitope tag on cyclin I. Histone H1 and retinoblastoma protein (Rb) were used as kinase substrates to determine whether any of these cyclin I-Cdk complexes were active. Figure 2 , B and C, shows that in transfected HEK293 cells, the cyclin I-Cdk5 complex alone was able to phosphorylate histone H1. In contrast, despite proven protein-protein interactions by coimmunoprecipitation, there was no kinase activity detected in the cyclin I-Cdk3, -Cdk4, or -Cdk6 complexes toward either histone H1 or Rb (Figure 2 , B and C). Myc-tagged cyclin E and HA-tagged Cdk2 and cyclin D-Cdk4 served as positive controls for histone H1 and Rb phosphorylation assays, respectively.
To address whether the kinase activity was due to Cdk5 itself or an associated protein, HEK293 cells were also transfected with an HA-tagged kinase-inactive Cdk5 mutant. As shown in Figure 2D , phosphorylation of histone H1 was only detected when cyclin I was cotransfected with WT Cdk5 but not with the kinase-inactive Cdk5 mutant. Furthermore, the kinase activity associated with trans-
Figure 1
Cyclin I binds and activates constitutive Cdk5 in postmitotic cells. (A, B) To determine whether cyclin I and Cdk5 coimmunoprecipitate in glomerular podocytes, cyclin I-null (-/-) podocytes were infected with either myc-tagged cyclin I or GFP. Reciprocal coimmunoprecipitation studies with either α-myc (A, lanes 1, 2) or α-Cdk5 (B, lanes 3, 4) antibodies revealed that cyclin I bound to endogenous Cdk5 in podocytes. (C) Histone H1 kinase activity was abundant in cyclin I-null podocytes infected with cyclin I-myc (lane 1). In contrast, kinase activity was not detected in cultured cyclin I-null podocytes infected with GFP (lane 2). (D) To prove that the cyclin I-associated histone H1 kinase activity shown in C was specifically due to the activation of Cdk5, WT (+/+) podocytes were transfected with siRNA. Cyclin I-associated histone H1 kinase activity was present in podocytes transfected with control siRNA (lane 1). In contrast, cyclin I-associated kinase activity was not detected in cells transfected with siRNA targeting Cdk5 (lane 2). As expected, an IP with a control preimmune IgY antibody showed no kinase activity (lane 3). Ctrl, control. (E and F) To determine whether cyclin I-Cdk5 was also active in tissues in vivo, kinase activity was measured in protein extracts from kidney glomeruli and brain of WT and cyclin I-null mice. Cdk5 was active in WT cultured podocytes, glomeruli, and brain tissue. In contrast, histone H1 kinase activity was not detected in corresponding tissues from cyclin I-null mice. Densitometric analysis (n = 3). Data shown represent mean + SD.
fected cyclin I was inhibited by pharmacological agents known to inhibit Cdks, olomoucine, and roscovitine ( Figure 2E ). PD 98059, an ERK5 inhibitor, showed no effect on cyclin I-associated kinase activity. Taken together, these results confirmed the results that cyclin I is the first known cyclin activator of Cdk5 and that this occurs in terminally differentiated cells (podocytes and neurons).
Activation of Cdk5 by cyclin I is distinct from p35. Previously, the noncyclin proteins p35, p39 (reviewed in ref. 17) , and p67 (18) were shown to be activators of Cdk5 in podocytes and neurons (16) . We therefore aimed to compare cyclin I-Cdk5 and p35-Cdk5 activity and questioned whether the substrate specificity of Cdk5 depends on its activating partner proteins, cyclin I and p35. The experiments represented in Figure 3 , A and B, directly compared cyclin ICdk5 and p35-Cdk5.
Histone H1 and tau were strongly phosphorylated by p35-Cdk5. In contrast, cyclin I-Cdk5 preferentially phosphorylated tau rather than histone H1. Cyclin I-Cdk5 and p35-Cdk5 were quantitatively similar in their abilities to phosphorylate tau ( Figure 3B ). These data suggest the substrate specificity of Cdk5, like that of other Cdks, may depend in part on its particular activating subunit, i.e., cyclin I or p35.
Cyclin I-Cdk5 kinase activity is required to protect podocytes from apoptosis. To explore the biological mechanisms for the role of cyclin I in terminally differentiated cells, we began by asking whether Cdk5 had a biological role in enhancing podocyte survival similar to what has been reported in neurons and whether this effect was governed distinctly by cyclin I and/or p35. Griffin et al. (12) first described cyclin I-null podocytes as more susceptible to apoptosis and restoration of cyclin I expression to normal levels as preventative of this. To test the hypothesis that activation of Cdk5 by cyclin I is necessary for survival, we reduced Cdk5 levels and activity in WT podocytes as follows: first, lowering Cdk5 expression with siRNA or inhibiting Cdk activity with roscovitine was not sufficient to induce apoptosis (measured by Hoechst staining and caspase-3 cleavage product) in the absence of an injury such as that caused by ultraviolet light C (UV-C) (Figure 4 Following immunoprecipitation with an antibody to myc, kinase activity was present (lane 2). In the presence of the Cdk inhibitors olomoucine (10 μM; lane 3) and roscovitine (50 μM, lane 4), kinase activity was reduced. The controls DMSO and PD98059 (an ERK5 inhibitor) had no effect on cyclin I kinase activity.
Next, to determine whether the maximal survival benefit for Cdk5 was conferred by its activation by p35 and/or cyclin I, cultured podocytes were isolated and characterized from cyclin I-null, p35-null, and WT mice by standard methods. As expected, UV-C-induced apoptosis was significantly increased in cyclin I-null and p35-null podocytes. To determine the relative contribution of cyclin I and p35, p35 protein levels were reduced in cyclin I-null podocytes by siRNA, and the results are shown in Figure 5 . In the absence of cell injury, p35 siRNA transfection was not sufficient to induce apoptosis in cyclin I-null podocytes (data not shown). Thus, cyclin I and p35 are not required for survival under normal nonstressed conditions. In contrast, UV-C irradiation significantly increased caspase-3 cleavage in cyclin I-null cells transfected with p35 siRNA compared with cyclin I-null cells transfected with control siRNA. Similar results were obtained in cyclin I-null cells treated with siRNA targeting Cdk5 or incubated with the Cdk inhibitor roscovitine. Taken together, these data indicate that both cyclin I-Cdk5 and p35-Cdk5 have nonredundant roles in promoting cell survival following injury.
Cyclin I-Cdk5 activates MEK1/2 and ERK1/2. Having shown that Cdk5 can be activated by cyclin I and/or p35, we asked whether the regulation of apoptosis by cyclin I-Cdk5 and p35-Cdk5 were governed by distinct or common pathways. Having recently reported that ERK1/2 is required for podocyte survival (19), we asked whether cyclin I-Cdk5 was an effector of the Raf-MEK1/2-ERK1/2 pathway. Phospho-specific antibodies did not show any substantial differences in Raf activation between WT and cyclin I-null cells ( Figure   6A ). However, there was a substantial decrease in phosphorylated MEK1/2 and phosphorylated ERK1/2 in 2 different clones of cyclin Inull podocytes compared with WT podocyte clones ( Figure 6 , B and C). Proof that these differences were indeed due to cyclin I was confirmed by infecting cyclin I-null cells with myc-tagged cyclin I. Restoring cyclin I levels in null cells restored the levels of MEK1/2 and ERK1/2 phosphorylation to that of WT cells. In addition, reducing Cdk5 expression with siRNA also decreased the phosphorylation of ERK1/2 ( Figure 6D ). Given that phospho-Raf levels were unchanged, we asked whether cyclin I exerts its effects on the MAPK pathway at the level of MEK1. The results showed that when constitutively active MEK1 was transduced in cyclin I-null cells, the levels of phospho-ERK normalized. These in vitro data are consistent with the regulation of the MAPK pathway by cyclin I at the level of MEK1/2. There were no quantitative differences in levels of AKT or p38 or JNK between cyclin I-null and WT cells (data shown in Supplemental Figure 3 ; supplemental material available online with this article; doi:10.1172/JCI37978DS1).
Phospho-ERK1/2 staining is altered in cyclin I-null mice with experimental glomerulonephritis. To further validate the in vitro find-
ings, we performed additional in vivo studies by performing immunohistochemistry stainings in mice with experimental glomerulonephritis induced by injection of a sheep anti-glomerulus antibody as previously published (12, 20) . Caspase-3 cleavage staining was not detected in normal cyclin I-null or WT animals prior to disease induction. However, the data in show that this model is associated with increased caspase-3 staining, which correlates with our reports of podocyte apoptosis. Thus, like the in vitro models described earlier, the in vivo model was also associated with caspase-3 cleavage. Moreover, there was a substantial increase in caspase-3 cleavage in diseased cyclin I mice (day 7, P < 0.01 compared with diseased WT mice; Figure 7 ). The increase in caspase-3 cleavage was associated with reduced podocyte number and worsened renal function (data not shown).
Because of the cell-culture findings described earlier, ERK1/2 activation was examined. At day 7 after disease induction, there was increased staining for phospho-ERK1/2 in glomeruli of diseased WT mice. Quantitation of glomerular active ERK1/2 staining showed a significant decrease in diseased cyclin I-null mice vs. diseased WT mice (P < 0.05) (Figure 7) . Similarly to what was found in the cell-culture studies, decreased ERK1/2 activation was associated with increased podocyte apoptosis in cyclin I-null mice compared with WT controls. Importantly, these in vivo studies validate the elements described in the cell-culture studies performed in which more mechanistic approaches can be employed.
Cyclin I requires an intact MEK/ERK pathway to promote cell survival. In contrast to cyclin I-null cells, repeated studies at different passages showed no differences in the levels of phospho-MEK1/2 and phospho-ERK1/2 in p35-null podocytes compared with WT cells ( Figure 8A ). Thus, the signaling pathway downstream of cyclin I-Cdk5 was distinct from that of p35-Cdk5. In order to address the biological significance of reduced phospho-MEK1/2 (and thus phospho-ERK1/2), cyclin I-null cells were stably infected with constitutively active MEK1 (MEK-DD) and exposed to injury. Figure 8B shows that this restored normal levels of phospho-ERK1/2, and UV-C-induced apoptosis was substantially reduced. These results show that despite cyclin I and p35 both activating Cdk5, they promote cell survival by different pathways. Cyclin I, but not p35, is required for normal phosphor- ylation, and thus activity, of MEK1/2 and ERK1/2. In the absence of cyclin I, decreased phospho-MEK1/2 and phospho-ERK1/2 lower the threshold to injury-induced apoptosis.
Cyclin I regulates specific Bcl-2 family proteins. Apoptosis in podocytes in these studies are caspase-3 dependent. Studies have shown that specific Bcl-2 family proteins regulate caspase activation. Having
Figure 5
Reducing p35 or Cdk5 activity augments caspase-3 cleavage in cyclin I-null podocytes. To determine the relative roles of cyclin I, p35, and Cdk5 on apoptosis measured by caspase-3 cleavage, cyclin I-null podocytes were transfected (tx) with siRNA targeting either Cdk5 or p35, and in separate studies, Cdk5 activity was reduced in cyclin I-null cells with roscovitine. Reducing Cdk5 protein levels augmented caspase-3 cleavage in cyclin I-null cells following UV-C irradiation compared with control siRNA-transfected cells (lanes 1, 2) . Lowering p35 protein levels increased caspase-3 cleavage following UV-C irradiation in cyclin I-null cells compared with nontransfected and control siRNA-transfected cells (lanes 3-5) . Roscovitine increased caspase-3 cleavage (lane 6) following exposure to UV-C to the levels seen in cyclin I-null cells transfected with siRNA that targets p35.
Figure 6
Cyclin I-Cdk5 regulates apoptosis by activating MEK1/2-ERK1/2. (A) There were no substantial differences in the phosphorylation status of A-, B-and c-Raf in cyclin I-null (-/-) and WT (+/+) podocytes under nonstressed conditions using several phosphospecific antibodies. (B) Phosphorylation of MEK1/2 on residues Ser217/221 was substantially reduced in cyclin I-null podocytes (lane 2) compared with WT podocytes (lane 1) under physiological, nonstressed conditions. Restoring cyclin I levels in null cells by retroviral infection normalized MEK1/2 phosphorylation (lane 3) to levels comparable to those of WT podocytes. GFP transfection had no effect (lane 4). Total MEK served as a loading control. These results show that MEK1/2 Ser217/221 phosphorylation is cyclin I dependent. (C) Phosphorylation of ERK1/2 on residues Thr202/Tyr204 was reduced in 2 different clones of cyclin I-null podocytes (lanes 3, 4) compared with 2 different WT podocyte clones (lanes 1, 2) . Restoring cyclin I levels in null cells by retroviral infection normalized ERK1/2 phosphorylation (lane 5) to levels comparable to those of WT podocytes; GFP infection had no effect. Total ERK1/2 served as loading control. These results show that the cyclin I-dependent activation of MEK1/2 was reflected by an increased phosphorylation of ERK1/2. (D) Reducing Cdk5 expression in cyclin I WT podocytes with siRNA decreased ERK1/2 phosphorylation (lane 2) compared with nontransfected cells. Scrambled siRNA had no effect on ERK1/2 phosphorylation.
shown that cyclin I-Cdk5 and p35-Cdk5 are necessary for survival but have different effects on the MAPK pathway, we next tested to determine whether cyclin I and p35 had differential effects on Bcl-2 family proteins in podocytes under physiological, nonstressed conditions. Quantitative PCR showed a marked decrease in the constitutive mRNA levels for the prosurvival proteins Bcl-2 and Bcl-XL in cyclin I-null podocytes compared with control WT cells ( Figure  9, A and B) . In contrast, the absence of p35 in p35-null cells had no effect on mRNA levels for Bcl-2 and Bcl-XL. In addition to changes in mRNA, Figure 9 , C and D, shows that the protein levels for Bcl-2 and Bcl-XL were also markedly reduced in cyclin I-null podocytes. In contrast, there were no differences in the levels of Bax. Importantly, restoration of cyclin I expression in cyclin I-null podocytes by retroviral infection returned the protein levels of Bcl-2 and Bcl-XL to that of WT cells (Figure 9 , A-D), demonstrating that these changes were the direct effect of cyclin I. By comparison, in p35-null podocytes, only a decrease in Bcl-2 protein was observed while Bcl-XL and Bax remained unchanged.
The effect of cyclin I on specific Bcl-2 protein levels was also measured in vivo in normal mouse glomeruli and brains. Protein isolated from the glomeruli of nonstressed cyclin I-null mice had markedly reduced levels of Bcl-2 and Bcl-XL proteins compared with WT animals ( Figure 10A ). There were no differences in Bax levels in glomerular protein from cyclin I-null and WT mice. Similarly, we found that the levels of Bcl-2 and Bcl-XL were decreased in neuronal tissue from cyclin I-null mice compared with WT mice by Western blot analysis ( Figure 10B ) and immunostaining (Supplemental Figure 1) .
Cyclin I regulates expression of Bcl-2 family proteins by activating Cdk5.
Having shown that cyclin I regulates the protein levels of specific Bcl-2 family proteins, we next addressed the question of whether Cdk5 activity underlies this effect. To this end, Cdk5 expression and activity were reduced by transient transfection with siRNA against Cdk5 in podocytes. As demonstrated in Figure 11A , reducing Cdk5 levels and activity decreased the levels of Bcl-2 and Bcl-XL. In contrast, the proapoptotic protein Bax was not affected. Similarly, protein levels of Bcl-2 and Bcl-XL, but not Bax, decreased when WT podocytes were incubated with the Cdk inhibitor roscovitine ( Figure 11B ). Thus, a decrease in Cdk5 or its activity in WT cells recapitulated what we observed in cyclin I-null podocytes.
We next tested the hypothesis that increased caspase-3 cleavage in cyclin I-null podocytes was indeed due to the changes observed in Bcl-2 and/or Bcl-XL. Cyclin I-null podocytes were stably infected with Bcl-2 or Bcl-XL to levels comparable to those of WT cells (Supplemental Figure 2 ) and then exposed to UV-C (25 J/m 2 ) to induce apoptosis. The level of apoptosis in cyclin I-null podocytes with restored levels of (exogenous) Bcl-2 or Bcl-XL was similar to the levels of apoptosis in cyclin I WT podocytes ( Figure 11C ). Restoring Bcl-2 and Bcl-XL levels in cyclin I-null podocytes also reduced caspase-3 cleavage ( Figure 11D ). These experiments showed that the decreased expression of Bcl-2 and Bcl-XL in cyclin I-null podocytes was causally related to their decreased survival after UV-C damage.
Finally, to determine whether the decrease in phospho-ERK1/2 activation in cyclin I-null podocytes was related to the decrease in Bcl-2 and Bcl-XL protein levels, cyclin I-null cells were stably
Figure 7
Decreased ERK1/2 activation and increased caspase-3 cleavage in cyclin I-null mice with experimental glomerulonephritis. Experimental glomerulonephritis was induced in 10-to 12-week-old WT and cyclin I-null mice by administration of anti-glomerular antibody. (A-C) Activation of ERK1/2 was assessed by immunostaining for p-ERK1/2 Thr202/Tyr204. There was a significant decrease in glomerular pERK1/2 staining at day 7 of nephritis in cyclin I-null mice (P < 0.05, ANOVA). (D-F) Apoptosis was quantified by immunostaining for caspase-3 cleavage adjacent to Asp175. Both WT and cyclin I-null mice showed increased caspase-3 cleavage in podocytes following disease induction. However, there was significantly more caspase-3 cleavage in cyclin I-null mice at day 7 compared with WT mice (P < 0.01, ANOVA). Depicted are representative glomeruli. Data shown represent mean + SD.
infected with constitutively active MEK1 (MEK-DD). Active MEK1 increased expression of Bcl-2 and Bcl-XL ( Figure 11E ). In summary, these results suggest that cyclin I and Cdk5 regulate the phosphorylation and activation of ERK1/2, which in turn modulates cell survival via its effects on the expression of Bcl-2 and Bcl-XL at the mRNA and protein levels.
Discussion
In terminally differentiated and highly specialized cells that do not readily proliferate, such as the kidney and brain, apoptosis is a major cause of reduced cell number, ultimately leading to organ dysfunction. In diseases of podocytes, such as occurs in diabetic and nondiabetic renal disease (4) (5) (6) , the resultant reduced cell number underlies the development of proteinuria and also progressive kidney scarring. Similarly, neuronal apoptosis in stroke or neurodegenerative diseases (2, 3) can be associated with severe and irreversible pathology. Several different mechanisms are therefore required to maintain survival of terminally differentiated cells. Our studies focused on Cdk5 as a critical survival factor in terminally differentiated cells and its regulation by 2 distinct activators, cyclin I and p35.
Cyclin I is a novel regulator of Cdk5. Cdk5 reduces apoptosis in neurons (reviewed in ref. 11). Unlike other members of the cyclin-dependent kinase family, Cdk5 is activated by the noncyclins p35, p39 (reviewed in ref. 17) , and p67 (18) . However, identification of a partner cyclin for Cdk5 has been elusive. We focused on cyclin I as a novel partner for Cdk5 because cyclin I staining colocalizes with Cdk5 in kidney podocytes and brain. Despite structural similarities with other cyclins, several lines of evidence suggest that cyclin I differs from known "classical" cyclins. Cyclin I is most abundant in terminally differentiated (postmitotic) cells and is not involved in the regulation of proliferation; the mRNA and protein levels do not fluctuate during cell cycle, and cyclin I-null mice do not have any developmental abnormalities (12, 14) . Moreover, a partner cyclin-dependent kinase has not yet been identified for cyclin I.
The following lines of evidence support the first major finding in these studies, that cyclin I binds to and activates Cdk5. First, cyclin I and Cdk5 coimmunoprecipitate in protein lysates extracted from kidney glomeruli, cultured podocytes, and brain tissue, and the complex is an active kinase. Second, cotransfection studies in HEK293 cells confirmed cyclin I and Cdk5 coimmunoprecipitation and activation. Third, Cdk5 activity was substantially diminished in vivo in glomeruli and neurons in cyclin I-null mice but was restored to WT levels when cyclin I was reconstituted by ectopic expression. Fourth, the specificity of this interaction was confirmed using dominant negative mutants, siRNA, and chemical inhibitors of Cdk activity. We believe these results are the first demonstration that cyclin I has a specific partner Cdk and the first to show a cyclin activator for Cdk5.
Cyclin I-Cdk5 confers a survival benefit independent of p35. Recently, we showed that in the kidneys of cyclin I-null mice, the terminally differentiated glomerular epithelial podocytes are significantly more susceptible to apoptosis following injury in vitro and in experimental models in vivo (12) . This resulted in markedly increased proteinuria and progressive glomerular scarring. In contrast, the absence of cyclin I did not affect survival/apoptosis in cells with a high proliferative capacity, such as kidney mesangial cells (Habu snake venom-induced mesangial proliferative glomerulonephritis; data not shown) and tubular epithelial cells (unilateral ureteral obstruction model of acute tubular apoptosis) (12) in vivo. This suggested that the biological role of cyclin I was confined to postmitotic cells, which are usually terminally differentiated and do not re-enter the cell cycle and proliferate to replenish cell loss.
Given that cyclin I confers a survival benefit in kidney podocytes, we next determined whether the activation of Cdk5 by
Figure 8
The signaling pathway downstream of cyclin I-Cdk5 is distinct from siRNA that targets p35-Cdk5. (A) There were no differences in MEK1/2 and ERK1/2 phosphorylation in the absence of p35 in podocytes compared with WT podocytes. (B) To prove that the specific decrease in MEK1 was central to the increases in apoptosis in the absence of cyclin I, cyclin I-null podocytes were transfected with constitutively active MEK1 (MEK-DD) mutants. Restoring active MEK1 increased ERK 1/2 phosphorylation (lane 3) similar to that of WT cells (lane 1). Restoring MEK1 reduced UV-C-induced apoptosis measured by caspase-3 cleavage products. These results show that cyclin I is required to phosphorylate MEK1 (and thus ERK1/2), which is necessary to reduce apoptosis.
cyclin I serves a survival role similar to that seen in previous reports of p35-Cdk5 in neurons.
Our data show that reducing cyclin I-Cdk5 activity in the absence of injury was not sufficient to induce apoptosis. In contrast, when cyclin I-Cdk5 activity was reduced, the onset of apoptosis was earlier, and the magnitude substantially increased following apoptotic injuries such as UV-C irradiation or exposure to the proapoptotic cytokine TGF-β (results not shown). To further validate the biological relevance of the increase in caspase-3 activation in the injured cells in culture used in these studies, additional in vivo experiments were performed in WT and in cyclin I-null mice with experimental glomerulonephritis induced by the administration of anti-glomerular antibody as we have previously reported (12, 20) . Glomerulonephritis was associated with increased caspase-3 cleavage staining in diseased WT mice, in a podocyte distribution. Moreover, caspase-3 cleavage was augmented in experimental glomerulonephritis in cyclin I-null mice compared with diseased WT mice. These in vivo studies validate the cell-culture studies, as both "models" are characterized by caspase-3-associated apoptosis. Taken together, these data are consistent with the notion that active cyclin I-Cdk5 sets an apoptotic threshold to injury.
We previously reported that cyclin I-null podocytes are more vulnerable to apoptosis induced by several forms of apoptotic injury, and others have shown that p35-Cdk5 also regulates apoptosis in postmitotic cells. Accordingly, 2 strategies were used to determine whether the presence of both p35 and cyclin I are necessary for the maximal survival benefit by Cdk5. First, reducing p35 levels with siRNA further increased the rates of apoptosis in cyclin I-null podocytes. Second, apoptosis was also augmented when Cdk5 activity was reduced in cyclin I-null cells. These data support the notion that the effects of cyclin I-Cdk5 on apoptosis are indeed independent from and nonredundant with that of p35-Cdk5.
MAPK signaling by cyclin I is distinct from p35. Because Cdk5 can be activated by cyclin I and p35 and their roles on apoptosis are distinct, we next sought to determine whether cyclin I and p35 govern apoptosis through different or common downstream pathways. Accordingly, AKT and several MAPK pathways involved in the regulation of cellular survival processes were measured. No differences in p38, JNK/SAPK, or AKT pathways were observed between null and WT cells (Supplemental Figure 3) . We thus focused on the Raf/MEK/ERK pathway because published reports in neurons describe regulation of the MAPK pathway by Cdk5 (21-24).
Figure 9
Cyclin I, but not p35, differentially regulates specific Bcl-2 family proteins. (A, B) The mRNA levels for Bcl-2 (A) and Bcl-XL (B) were measured by quantitative PCR, and the relative concentrations are shown as ratio normalized to β-actin. Samples were run in triplicate, and mRNA from 3 independent experiments was included. Relative gene expression was analyzed using the 2-standard curve method. Compared with WT cells (lanes 1), the mRNA levels for Bcl-2 and Bcl-XL (lanes 2) were significantly reduced in cyclin I-null podocytes. Restoring cyclin I in null cells by stable infection normalized transcripts for Bcl-2 and Bcl-XL (lanes 3). In contrast, the absence of p35 in p35-null cells had no effect on Bcl-2 and Bcl-XL mRNA levels (lane 4). (C, D) To determine whether cyclin I or p35 altered the protein levels for certain Bcl-2 family proteins, Western blot analyses were performed in WT, cyclin I-null, and p35-null podocytes grown under physiological, nonstressed conditions. GAPDH and β-actin served as loading controls. Compared with WT cells (C, lanes 1, 2), Bcl-2 and Bcl-XL, but not Bax, protein levels were reduced in cyclin I-null podocytes (C, lanes 3, 4) . Levels for Bcl-2 and Bcl-XL were normalized upon infection with cyclin I (lane 5), but not GFP (lane 6). In contrast, in the absence of p35, only Bcl-2 protein expression was strongly reduced compared with WT podocytes (D). No effects on Bcl-XL and Bax protein levels were observed. Data shown represent mean + SD.
The current data showed no difference in the levels of total Raf and phospho-Raf in cyclin I-null and WT cells. However, there was a striking decrease in the phosphorylated (active) forms of MEK1/2 (Ser217/221) and ERK1/2 (Thr202/Tyr204) in cyclin Inull podocytes compared with WT cells when grown under nonstressed conditions. Ectopic expression of cyclin I in cyclin I-null cells normalized MEK1/2 and ERK1/2 phosphorylation, thus validating that these changes were indeed dependent on cyclin I. Furthermore, retroviral infection with constitutive active MEK1 normalized phospho-ERK1/2 levels in null cells without the need to restore cyclin I levels. These results support the notion that phosphorylation of MEK1/2 on Ser217/221 and the subsequent phosphorylation of ERK1/2 requires the presence of cyclin I. In order to determine whether MEK1/2 Ser217/221 was a direct substrate for cyclin I-Cdk5, recombinant human MEK1 was used as a substrate in a cyclin I-Cdk5 phosphorylation assay. The results (data not shown) were inconclusive. This raises the question of whether unidentified intermediate kinases may be involved in the regulation of MEK1/2 phosphorylation by cyclin I-Cdk5.
We next asked whether the effects of cyclin I on MAPK differed from the effects of p35 on this signaling pathway. The results of the current study show that both MEK1/2 and ERK1/2 phosphorylation are normal in nonstressed p35-null podocytes, with levels similar to those of WT cells. In contrast, Zheng characterized p35-Cdk5 as the "molecular switch" that modulates the duration of ERK1/2 phosphorylation in PC12 cells and rat cortical neurons (24) . In the absence of p35-Cdk5, ERK1/2 was hyperphosphorylated, and hyperphosphorylated ERK1/2 was proapoptotic (22, 24, 25) . In contrast with these published results, Wang et al. reported that retinoid acid and brain-derived neurotrophic factor phosphorylate ERK1/2 through active p35-Cdk5 in SH-SY5Y cells and in primary neuronal cultures. Inhibiting p35-Cdk5 or ERK1/2 abrogated the prosurvival effects of p35-Cdk5 and was associated with increased neuronal apoptosis following injury (23) . One might conclude that the biological role of p35 on Raf/MEK/ERK phosphorylation differs depending on the conditions of the experiments, the growth factors studied, and the cell types used. Most of the studies on p35-Cdk5 focused principally on neuronal differentiation in primary neuronal cell-culture systems to monitor the role of Cdk5 in differentiation and maturation. The results reported in the current experiments focused on nonproliferating, fully terminally differentiated cells.
Finally, the biological relevance of cyclin Idependent differences in ERK1/2 phosphorylation was considered. Indeed, this regulation was very significant, as normalizing phospho-ERK1/2 augmented survival of cells compared with those in which ERK1/2 was not phosphorylated. Moreover, silencing Cdk5 expression by siRNA in WT podocytes also decreased ERK1/2 phosphorylation, thus validating the hypothesis that the effects of cyclin I on the ERK pathway are indeed mediated by active Cdk5.
Differential effect of cyclin I and p35 on Bcl-2 family proteins. Caspase-3-dependent mechanisms characterize many forms of kidney and neuronal apoptosis. The data in the current study showed that caspase-3 cleavage is increased when cyclin ICdk5 activity is lowered. While several pathways regulate caspase cleavage, Bcl-2 and Bcl-XL inhibit caspase activation by governing mitochondrial permeability and the release of certain factors that trigger caspase activation. Bax and others counteract the effects of Bcl-2 and Bcl-XL, thereby promoting caspase activation. These data show that both the mRNA and protein levels of Bcl-2 and Bcl-XL were substantially decreased in cyclin Inull podocytes and that the protein levels were also decreased in kidney and brain of cyclin I-null mice. Restoring cyclin I levels normalized Bcl-2 and Bcl-XL levels. The biological significance of these events was shown when apoptosis was decreased by stably infecting cyclin I-null cells with Bcl-2 and Bcl-XL. The absence of cyclin I had no effect on Bax levels.
The effects of cyclin I-Cdk5 on Bcl-2 family proteins described here differs from what has been previously reported for p35-Cdk5. Wang et al. (23) reported that Cdk5 inhibition was accompanied by decreased Bcl-2 protein levels, and this correlated with increased cell death in response to an apoptotic trigger. They did not observe an effect of p35 inhibition on Bcl-XL protein levels, and we confirm that finding here. It has also been shown that Bcl-2 family members can be phosphorylated, thereby regulating their function posttranslationally (26) (27) (28) (29) . Indeed human Bcl-2 can be phosphorylated on Ser70 by Cdk5, and this promotes survival of neurons (30) . These results are consistent with the hypothesis that the effect of p35 on Bcl-2 is posttranscriptional.
In addition to showing that the restoration of phospho-ERK1/2 increased Bcl-2 and Bcl-XL in cyclin I-null cells, additional experiments (data not shown) using a chemical inhibitor for Raf1 (GW 5074) did not show any effect on Bcl-2 family proteins. However, the MEK1/2 inhibitor U0126 reduced levels of Bcl-2 and Bcl-XL, further validating the importance of MEK1/2 and subsequent ERK1/2 activation in the regulation of specific Bcl-2 family proteins independent of Raf.
Taken together, these results support the hypothesis that reduced transcription and translation of Bcl-2 and Bcl-XL secondary to reduced cyclin I-Cdk5 made cells more vulnerable to apoptosis.
The results of these studies provide several lines of evidence that cyclin I-Cdk5 is distinct from p35-Cdk5 in the regulation
Figure 10
Cyclin I regulates specific Bcl-2 family proteins in vivo. (A) Glomeruli were isolated and pooled from the kidneys of 6 animals from each strain, divided into 2 samples, and loaded separately on the gel. Compared with WT glomeruli (lanes 1, 2) , levels of Bcl-2 and Bcl-XL were reduced in cyclin null glomeruli (lanes 3, 4) . Nephrin, a protein expressed selectively and constitutively in podocytes, was included as a loading control in addition to β-actin and GAPDH to rule out any potential loading differences in protein from podocytes. (B) Compared with brain protein lysates harvested from cyclin I WT mice (lane 1) under physiological, nonstressed conditions, the protein levels of Bcl-2 and Bcl-XL were decreased in cyclin I-null mice (lane 2). Bax levels remain unchanged; β-actin was used as loading control. Taken together, these data show that similar to the cultured cells, the absence of cyclin I also regulates Bcl-2 and Bcl-XL in postmitotic organs in vivo.
of Bcl-2 proteins as follows: (i) the mRNA and protein regulation of Bcl-2 and Bcl-XL by cyclin I; the absence of p35 is associated with decreased protein levels of Bcl-2 only (23); (ii) a significant decrease in MEK1/2 and ERK1/2 phosphorylation in cyclin I-null cells but not in p35-null cells; and (iii) retroviral infection with constitutive active MEK1 or cRaf had no effect on Bcl-2 protein levels or podocyte survival in p35-null podocytes (data not shown).
These findings are in line with numerous reports in podocytes and neurons that clearly demonstrate specific mechanisms are required to protect these highly specialized cells from apoptosis and to maintain survival (31) (32) (33) (34) . Here, we describe what we believe is a novel pathway that regulates apoptosis through the prosurvival effects of cyclin I-Cdk5.
We conclude by proposing that cyclin I-Cdk5 regulates Bcl-2 and Bcl-XL by activating the MEK/ERK pathway and increased transcriptional activity while the effects of p35-Cdk5 occur at the posttranslational level (Figure 12 ). These results further emphasize the differential role of Cdk5 in protecting postmitotic, terminally differentiated cells against apoptosis.
Methods
Cell culture. HEK293 cells (ATCC) were cultured under standard conditions at 37°C in DMEM media (Invitrogen). Conditionally immortalized podocytes were generated as previously described (12, 35) . Quiescence and differentiation were induced by culturing the cells at 37°C for 13 to 15 days on Primaria plastic plates (BD Biosciences) in the absence of IFN-γ.
Plasmid transfection. pCS2 + vectors encoding myc-tagged cyclin I or cyclin E and HA-tagged Cdks 1-6 as well as pCMV-myc-tagged p35 (a gift from Li-Huei Tsai, MIT, Boston, Massachusetts, USA), pCMV-HA-tagged Cdk5 (36) , and HA-tagged dominant negative (D145N) Cdk5 (36) (both from Addgene) were used to transfect HEK cells using CaCl2 DNA precipitation.
cMMP-IRES-GFP vectors encoding human Bcl-2 or Bcl-XL (37) and pBabe-puro vectors (38) (Addgene) encoding myc-tagged cyclin I, GFP,
Figure 11
Cyclin I, but not p35, differentially regulates specific Bcl-2 family proteins. (A) Reducing Cdk5 expression by siRNA decreased the protein levels of Bcl-2 and Bcl-XL. No effect was observed in control podocytes transfected with control siRNA. (B) Inhibiting Cdk5 activity by roscovitine (50 μM) reduced the protein expression of Bcl-2 and Bcl-XL compared with vehicle (DMSO). GAPDH and β-actin served as loading controls. (C) To prove that regulation of Bcl-2 and Bcl-XL underlies the prosurvival effect of cyclin I, protein expression of Bcl-2 or Bcl-XL was restored in cyclin I-null podocytes by retroviral infection. There was a 3-to 4-fold increase in apoptosis following UV-C irradiation in cyclin I-null cultured podocytes infected with GFP compared with injured cyclin I WT cells. UV-C-induced apoptosis was markedly reduced in cyclin I-null podocytes stably infected with Bcl-2 or Bcl-XL. (D) Accordingly, caspase-3 cleavage products were also decreased in cyclin I-null podocytes infected with Bcl-2 or Bcl-XL 6 hours after UV-C irradiation compared with GFP-infected podocytes. (E) Infecting cyclin I-null podocytes with constitutively active MEK1 (MEK-DD) mutants also increased the expression of Bcl-2 and Bcl-XL linking regulation of the MEK-ERK pathway by cyclin I-Cdk5 to the observed regulation of Bcl-2 and Bcl-XL expression. Data shown represent mean + SD.
Figure 12
Proposed model showing the effects of Cdk5 upon activation by cyclin I and p35. Cdk5 is activated by cyclin I and p35. The pathways by which Cdk5 confers a prosurvival function depend on the activator. Cyclin I-Cdk5 leads to phosphorylation of MEK1/2, and subsequently, ERK1/2, leading to increased mRNA and protein levels for the prosurvival proteins Bcl-2 and Bcl-XL. In contrast, p35-Cdk5 increases Bcl-2 protein levels by posttranslational modification (30) . p35-Cdk5 has no effect on Bcl-XL levels. The dual activation of Cdk5 by cyclin I and p35 ensures that maximal survival pathways are operative in terminally differentiated cells.
Mice were housed according to the standardized specific pathogen-free conditions in the University of Washington animal facility. The Animal Care Committee of the University of Washington reviewed and approved the experimental protocol.
Statistics. All results are expressed as mean ± SD. Statistical significance was evaluated using GraphPad Prism version 4.00c for Macintosh (GraphPad Software). ANOVA with Tukey-Kramer adjustment for multiple comparisons was applied. P < 0.05 was considered significant.
